Gradient structures have evolved over millions of years through natural selection and optimization in many biological systems such as bones and plant stems, where the structures change gradually from the surface to interior. The advantage of gradient structures is their maximization of physical and mechanical performance while minimizing material cost. Here we report that the gradient structure in engineering materials such as metals renders a unique extra strain hardening, which leads to high ductility. The grain-size gradient under uniaxial tension induces a macroscopic strain gradient and converts the applied uniaxial stress to multiaxial stresses due to the evolution of incompatible deformation along the gradient depth. Thereby the accumulation and interaction of dislocations are promoted, resulting in an extra strain hardening and an obvious strain hardening rate up-turn. Such extraordinary strain hardening, which is inherent to gradient structures and does not exist in homogeneous materials, provides a hitherto unknown strategy to develop strong and ductile materials by architecting heterogeneous nanostructures.
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gradient structured metal | nanocrystalline metal M ankind has much to learn from nature on how to make engineering materials with novel and superior physical and mechanical properties (1, 2) . For examples, the clay-polymer multilayers mimicking naturally grown seashells are found to have exceptional mechanical properties (3) . Another example is the gradient structure, which exists in many biological systems such as teeth and bamboos. A typical gradient structure exhibits a systematic change in microstructure along the depth on a macroscopic scale. Gradient structures have been evolved and optimized over millions of years to make the biological systems strong and tough to survive nature. They are greatly superior to manmade engineering materials with homogeneous microstructures.
Here we report the discovery of a hitherto unknown, to our knowledge, strain hardening mechanism, which is intrinsic to the gradient structure in an engineering material. The gradient structure shows a surprising extra strain hardening along with an up-turn and subsequent good retention of strain hardening rate. Strain hardening is critical for increasing the material ductility (4) (5) (6) . We also show a superior ductility-strength combination in the gradient structure that is not accessible to conventional homogeneous microstructures.
Microstructural Characterization of Gradient Structure
We demonstrate these behaviors in a grain-size gradient-structured (GS) sample, i.e., two GS surface layers sandwiching a coarse-grained (CG) core, produced by the surface mechanical attrition treatment (SMAT) (7) in a 1-mm-thick CG interstitial free (IF)-steel sheet (SI Materials and Methods). The GS layers on both sides have a gradual grain-size increase along the depth (Fig. 1A) . In the outermost layer of ∼25-μm thickness are nearly equiaxial nanograins with a mean size of 96 nm (Fig. 1B) . The grain size increases gradually to 0.5 and 1 μm at the depths of ∼60 and 90 μm, respectively, with subgrains or dislocation cells smaller than 100 nm. For convenience, we define the top 90-μm-depth as a nanostructured layer (8-10) with a grain-size gradient. The whole gradient layer is 120 μm thick, including the deformed CG layer with either dislocation tangles or dislocation cells of sizes ranging from submicrometers to micrometers. The central strain-free CG core has an average grain size of 35 μm (Fig. 1C) . Fig. 2A shows the engineering stress-strain (σ e −« e ) curves. The gradient-structured (GS-CG) sample exhibits not only a large tensile uniform elongation (E U ), comparable to that of the homogeneous CG sample, but also yield strength that is ∼2.6 times as high. In contrast, the freestanding nanostructured (NS) film becomes unstable soon after yielding. Interestingly, the GS-CG sample shows a transient hardening in the regime of small tensile strains on its σ e −« e curve between two inflection points (Fig. 2B,  Inset) . This caused an up-turn in the strain hardening rate Θ (Fig.  2B, Inset) . Meanwhile, the unloading-reloading σ e −« e curves also reveal a similar Θ-up-turn upon each reloading (GS-CG + , red curves in Fig. 2B ). More importantly, the GS-CG sample shows an even slower Θ-reduction than that of the CG sample (Fig.  2B) , indicating a better Θ-retention in the GS-CG sample. In contrast, the freestanding GS layer and CG core do not show any Θ-up-turn (see the GS layer and CG curves in Fig. 2B ), suggesting that the unique behavior is produced only when these two types of layers form an integral bulk.
Unique Mechanical Responses Under Uniaxial Tension
The dramatic hardening behavior raises a critical issue: where in the GS-CG sample is strain hardening generated? To answer this question, we measured the microhardness (H) along the depth of GS-CG samples after testing them to varying strains. As shown in Fig. 2C , the H values increase with increasing tensile strain. The border, where H values in the untested sample no longer drop, demarcates the GS layer and CG core. Fig. 2D shows H increments, ΔH, along the depth caused by testing at various tensile strains. ΔH is an indicator on the magnitude of Significance Nature creates the gradient structure (GS) for a purpose: to make biological systems strong and tough to survive severe natural forces. For the grain-size GS, the deformation physics is still unclear. One wonders if the grain-size GS in the nanomicroscale would also benefit materials engineered by mankind. In this paper, a universal strain hardening mechanism is revealed in the GS. We discovered a unique extra strain hardening that is intrinsic to the GS. Its mechanism is the presence of strain gradient together with the stress state change. A superior combination of strength and ductility that is not accessible to conventional homogeneous materials is obtained.
As a novel mechanism, extra strain hardening renders high ductility in the GS materials. hardening retained after unloading. For comparison, the ΔH values are also measured in both the freestanding GS layer (failure strain of 0.05 in Fig. 2A ) and homogeneous CG after tensile testing them to the strain of 0.05. Remarkably, the layer in GS-CG exhibits a unique extra strain hardening, i.e., a much higher ΔH than that of the freestanding GS layer (dotted area in Fig. 2D ). This extra hardening originates in the gradient layer, and its peak moves inward and finally penetrates into the CG core at higher strains. This indicates again that the gradient layer needs to form an integral bulk with the CG core to be effective in producing strain hardening.
The above unique hardening behavior is inherent to the GS-CG and is caused by the gradient-generated multiaxial stresses and strain gradient. Under uniaxial tension (Fig. 3A) , necking instability readily occurs in the NS surface layers at very low tensile strains (see the NS-film curve in Fig. 2A ), which is characterized by their fast lateral shrinking. However, lateral instability is constrained and quickly stopped by the neighboring stable layer. Consequently, the strain gradient is produced near the border between the unstable surface layers and the stable central core (11, 12) , where strain continuity is required to keep material continuity.
The mutual constraint between the unstable surface layers and stable central core leads to stress state changes, as schematically shown in Fig. 3A . When the shrinking surface layers are constrained by the central core, the constraint is realized in the form of lateral tensile stress in the surface layers, i.e., (σ x + ) as shown Because no external lateral stress is applied to the sample, the tensile stresses in the outer surface layers have to be balanced by a lateral compressive stress (σ x -) in the inner stable core. Therefore, the applied uniaxial tensile stress is converted to complex 2D stress states with the outer surface layers under a tension-tension stress state and the central stable layer under a tension-compression stress state.
To evaluate the strain gradient, the height profiles on the lateral surface, i.e., vertical to the x axis in Fig. 3A , were measured after suspension of a tensile testing at the strain of 0.25, as shown in Fig. 3B (also Fig. S1A ). The GS-CG sample exhibits marked height difference, i.e., lower on both sides and higher in the middle (see the red curve in Fig. 3C ) (also Fig. S1B ). This is the direct evidence that nonuniform lateral deformation in GS-CG occurred, with the outer GS layers shrunk more than the central zone. In contrast, a homogeneous standalone CG sample only shows surface roughness without a systematic height difference (see the blue curve in Fig. 3C ). The lateral strain « x was calculated as « x = δx/x 0 , where δx = x -x 0 was measured from the contour (Fig. 3C ) and x 0 is the initial width. This strain is negative due to shrinking, and the distribution of its absolute values along the green line in Fig. 3B is plotted in Fig. 3D . It is also fitted with a smooth curve « x (y) (blue curve). As shown, the absolute value of « x is essentially unchanged in the stable central layer except for the effect of surface roughness. However, the j« x j increases gradually toward the surface, which produces strain gradient d« x /dy across the sample thickness as plotted in Fig. 3D (red curve). As shown, there exists a maximum strain gradient near the interface. As discussed later, this maximum strain gradient will promote the accumulation of geometrically necessary dislocations (GNDs) (11, 12) to produce a peak of extra strain hardening.
To probe the physical origin behind the Θ-up-turn, dislocation evolution with strains in GS sample is studied by stress relaxation tests, which is complemented by transmission electron microscopy (TEM) observations. Fig. 4A shows a σ e −« e curve as a function of relaxation time at varying strains (Fig. 4A, Inset) , which were selected carefully to cover the strain range where the Θ-up-turn occurs (Fig. 2B, Inset) . The ratio Re = ρ m /ρ m0 represents the relative mobile dislocation density evolution (13) . Fig. 4B shows the evolution of the ρ m /ρ m0 with relaxation time and its inset reveals how the ρ m /ρ m0 varies with tensile strain. As shown, with increasing tensile strain, the Re first drops (Fig. 4B,  Inset) and then reaches the minimum value at the strain of 0.015, after which Re increases rapidly to reach a near-saturated value at the strain of 0.05. Interestingly, the strain value of 0.015 almost coincides with the strain at which minimum Θ is observed in the GS-CG sample (Fig. 2B, Inset) . This observation indicates rapid exhaustion of mobile dislocations at low strains, which is consistent with what was reported in nanocrystalline Ni (14) . In addition, the strain of 0.015 is also near the onset of necking instability for the NS film (see the green curve in Fig. 2A ), suggesting that the exhaustion of mobile dislocations promoted instability of the GS layers (15) . On the other hand, this also creates more space for dislocation accumulation later, setting the stage for Θ-up-turn (Fig. 4E) .
TEM observations provide us with information on the evolution of dislocation structures in the nanograins. At very small strain of 0.008 (soon after yielding), tangled high-density dislocations are visible either in their interior or at boundaries and subboundaries (Fig. 4C) . At higher strain of 0.015 (before the Θ-up-turn), debris of dislocations is visible (Fig. 4D) , indicating the occurrence of disentanglement and annihilation of the initial dislocation structure (16) . Further increasing strain to 0.035 (soon after Θ-up-turn) regenerates dislocation structures (Fig. 4E ). These observations are consistent with and provide insight into the evolution of mobile dislocations and Θ-up-turn in the GS-CG sample.
Discussion and Summary
The extra strain hardening (Fig. 2D) is caused by the strain gradient (Fig. 3D) , which needs to be accommodated by the generation of the GNDs (17) (18) (19) (20) . The GNDs interact and tangle with mobile dislocations to further promote the dislocation storage (18) . These dislocation activities effectively promote the dislocation accumulation near the border demarcating the unstable and stable layers, which produces the observed extra hardening (ΔH) peak as shown in Fig. 2D . With increasing applied strain, stable layers will become unstable, which leads to migration of the border and consequently the ΔH peak toward the CG core. This leaves in its wake high densities of dislocations. This explains why the ΔH peak becomes flatter and moves inward as the tensile strain increases. In other words, the extra strain hardening is accumulative with the dynamically moving border. This is the reason why the GS-CG sample has a slower decrease in Θ than the homogeneous CG core with strain (Fig. 2B) . Furthermore, the multiaxial stress state will activate more slip systems (16, 21) , which makes it more likely for dislocations to interact and entangle with each other (Fig. 4E) , following the initial depletion of dislocations (Fig. 4B) . The GNDs caused by the strain gradient and the dislocation accumulation caused by the multiaxial stress state are the primary causes for the observed dramatic hardening rate up-turn and its good retention. The nanograined layers play critical roles in producing high extra strain hardening although no significant extra hardening occurs in the nanograined layers themselves (Fig. 2D) . First, the nanograined layers have a much higher flow stress than the larger-grained inner layer. This ensures high lateral stresses (Fig.  3A) during necking instability of the nanograined layer, which is constrained by the stable central layer. The high lateral stress will promote the operation of additional slip systems to help with dislocation storage. Second, the early necking by the nanograined layers activates the multiaxial stresses and strain gradient at an early stage of the mechanical testing, which consequently starts the extra strain hardening process in an early stage. Our preliminary results also suggest that there is a minimum SMAT processing time above which the strain hardening rate upturn occurs. This minimum time is associated with a minimum GS layer thickness. It is our hypothesis that there should be an optimum GS layer thickness that produces the most significant Θ-up-turn and the most extra strain hardening. Further systematic investigation is needed to verify this hypothesis. Also note that the mechanism for good ductility observed here is totally different from that in gradient nanograined Cu (8) , where high ductility was attributed to grain growth due to the low structural stability of the nanograined Cu. No grain growth is observed in the GS IF-steel in the current study (Fig. S2) .
Due to the extra strain hardening, the gradient structure provides for an effective route to a superior combination of good ductility and high strength (Fig. 5) . When the homogeneous IF-steel is deformed to increase strength, its ductility usually drops dramatically, especially when the strength is above 400 MPa (22) (23) (24) (25) (26) . In contrast, the ductility of GS sample is 5-10 times higher than that of the homogeneous nanograined structures within the strength range of 450-600 MPa. More importantly, the GS sample can be easily produced in metallic materials in a cost-effective and large-scale way and therefore is expected to be conducive to industrial production.
